Bacillus sp. PS3 produces a glycosylated flagellin. In this study, a number of the glycosylated residues of the flagellin protein were found to be located in the central variable region of this protein. We also report that the motility defect of the Bacillus subtilis flagellin mutant was complemented by Bacillus sp. PS3 flagellin variants without glycosylation, which contained amino acid substitutions and intragenic duplications in the variable region of flagellin.
The bacterial flagellum is essential for motility. It consists of more than 20 distinct proteins that assemble to form a basal body, a universal joint hook, and a long helical filament. 1) Most bacterial cells swim by rotating their flagella like a screw. Other biological functions of flagella include host adhesion, colonization, and virulence.
2) The bacterial flagellum is mainly composed of flagellin protein, which constitutes an extracellular long helical filament. Recently, the glycosylation of flagellin has been reported, 3) and the importance of this modification has been investigated in some bacterial species. 4, 5) The three-dimensional structure of the bacterial flagellin from Salmonella typhimurium has been solved. 6, 7) This revealed that the protein is composed of four domains: D0, D1, D2, and D3. 6, 7) The domains D0 and D1 are composed mainly of -helices, and they constitute the core part of a flagellar filament. D0 has two -helices (ND0 and CD0), whereas D1 has two long -helices (ND1a and CD1), one short -helix (ND1b) and one short -sheet. The N-and C-terminal sequences corresponding to the D0 and D1 domains are highly conserved across different bacterial species, 8) whereas the sequence of the central region, encoding the D2 and D3 domains, is highly variable in length and amino acid composition. The D2 and D3 domains are exposed to the filament surface. Studies of the variable region have investigated the role in H antigenicity, the effect of deletions on filament formation and motility, and the insertion of foreign peptides for extracellular display on bacterial flagella. [9] [10] [11] [12] [13] The thermophilic bacterium Bacillus sp. PS3 has been found to produce a glycosylated flagellin. 14) We have also reported that the flagellin protein from B. subtilis is not glycosylated, and that when the Bacillus sp. PS3 flagellin was expressed in the Bacillus subtilis flagellin gene deletion mutant (BsÁhag) strain, the Bacillus sp. PS3 flagellin proteins produced were not accompanied by post-translational modifications, and restoration of motility was not observed in BsÁhag. Therefore, B. subtilis has no flagellin glycosylation ability, and in this case, glycosylation appears to be required for flagellar filament assembly from Bacillus sp. PS3 flagellin. 14) In this study, we identified a number of the glycosylation sites within the Bacillus sp. PS3 flagellin and isolated the suppressor mutations from BsÁhag containing the Bacillus sp. PS3 flagellin gene.
To identify the residues that are glycosylated in the Bacillus sp. PS3 flagellin protein, amino acid sequencing of protease fragmented flagellin was performed. The flagellar filaments were purified from wild-type cells as previously described, 14) and were depolymerized to produce monomeric flagellin by incubation at 90 C. The flagellin protein was partially digested with endoproteinase Lys-C (AP-I) from Achromobacter lyticus and endoproteinase Glu-C (V8) from Staphylococcus aureus (Takara, Shiga, Japan). The flagellin protein was incubated with each protease at 37 C for 6 h under denaturing conditions with 0.01% SDS. The protein fragments were isolated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 15) and carbohydrate specific staining was performed by periodic acid Schiff (PAS) staining 16) following destaining (50% methanol, 50 mM ammonium bicarbonate) of the Coomassie Brilliant Blue (CBB)-stained-gel. The fragments detected by PAS staining were transferred to polyvinylidene fluoride membranes, and the N-terminal sequences of the isolated fragments were analyzed. N-terminal amino acid sequencing analysis of $6 kDa (V8) and $17 kDa (AP-I) fragments revealed that these regions of the protein corresponded to residues 227-238 (YALNIMSFSGAT) and 201-212 (VGISSATFTSGA), respectively ( Fig. 1 ). In these sequence analyses, residues T207, T209, S210, and S235 were not assigned to any standard residue without chemical modifications. Additionally, we observed that PNGase F, an enzyme that hydrolyzes nearly all types of N-linked glycan chains from glycoproteins, had no effect on the flagellin, but alkaline -elimination that was carried out to remove a glycanstructure from modified Ser/Thr residue was effective (data not shown).
17) The sequencing results indicate that residues 207, 209, 210, and 235 represent O-linked glycosylation sites for flagellin from Bacillus sp. PS3.
We also analyzed a non-glycosylated 14 kDa fragment from the V8 protease digestion. The fragment was determined to represent the first 19 residues (MRINHNIAALNTYRQLTTN) of flagellin ( Fig. 1) , suggesting that there is no glycosylation of residues in the highly conserved N-terminal region (first 120 residues). This is in agreement with previously reported results identifying the glycosylation sites of flagellin. [18] [19] [20] Moreover, glycosylation sites were found to be absent in the conserved C-terminal 80 residues in most of these glycosylated flagellins. In this way, the locations of the glycosylation sites are limited to the central variable region. Thus, these observations suggest that the Bacillus sp. PS3 flagellin glycosylation sites are located at Ser or Thr residues present in the central part of the protein sequence.
As previously reported, we determined that plasmid pBHP201, which harbors the Bacillus sp. PS3 flagellin gene, failed to complement the motility of the BsÁhag strain on a semi-solid LB agar plate (0.3% agar) at 37 C. 14) We also analyzed the motility of the transformant (BsÁhag/pBHP201) at 50 C. At this temperature, both Bacillus sp. PS3 and B. subtilis were viable and motile, but the swarming phenotype was not observed. However, when BsÁhag/pBHP201 was continuously incubated for 2 d on a semi-solid agar plate, it gave rise to a swarming flare. This indicates that the motile flares contained mutations in the introduced Bacillus sp. PS3 flagellin gene 14) that provided motility to BsÁhag/pBHP201. Single colonies were isolated from these swarms, and the plasmids containing the Bacillus sp. PS3 flagellin gene were purified. To determine whether the acquisition of a motile phenotype was attributable to the flagellin-encoding plasmid, the purified plasmids were used in the transformation of fleshly prepared competent BsÁhag cells, and single colonies were spotted onto a semi-solid agar plate to check swarming ability. We confirmed that the motility defect of the BsÁhag strain was complemented by introducing these plasmids ( Fig. 2A) , and no significant motility differences were observed in comparison with the corresponding suppressor mutants isolated from the swarming flares. However, these pseudo-revertants did not restore complete motility as compared to the swarm diameter of the B. subtilis wild-type strain. The ratios of diameters were 27% (G185D), 50% (G171D), 67% (R91H/G171D), and 57% (172-199 duplication), respectively. The swimming behavior and speeds of the mutant strains were also different from that of the wild-type (data not shown). Therefore, these pseudorevertants appear to be unable to assemble a complete fully-functional flagellar filament.
To identify the flagellin mutations, we analyzed the DNA sequences of Bacillus sp. PS3 flagellin genes inserted into the plasmids, which were isolated from these pseudo-revertants. There were basically two types of amino acid mutations in the flagellin sequence. Single amino acid substitutions were found, whereas the other mutation type was an approximately 30-residue intragenic duplication (Table 1) .
The 3D structure of Bacillus sp. PS3 flagellin was predicted using the Swiss-Model server and the S. typhimurium flagellin structure as the template (Fig. 2C) .
6,7) The D0 and D1 domains of the predicted structure were found to be nearly identical to that found The predicted N-and C-terminal D0 and D1 domains are shown in lower case letters, whereas the D2 and D3 domains are shown in upper case letters. The solid underlining indicates sequenced peptide regions and proteases used in flagellin fragmentation are also indicated. The dotted underlining (which continues from the first 19 residues) indicates the putative non-glycosylated fragment resulting from V8 protease digestion. The gray shaded letters are putative O-linked glycosylated residues. 
Relative swarm diameters (after 7 h) compared with that of the wild type. The symbols þ, þþ, þþþ, and þþþþ indicate 0-20%, 20-40%, 40-60%, and 60-80% restoration, respectively. c High levels of conservation and variance are indicated by circles and minus signs, respectively. Parentheses indicate that the residue conservation was comparatively low.
in the structure of the S. typhimurium flagellin. In contrast, due to significant differences in sequence, prediction of the flagellin middle region was more difficult to model accurately. This region most likely represents the D2 and D3 domains. We defined the boundaries of these domains as V219-F234 (D2) and R166-D218 (D3) by comparison of the deduced primary sequences (Fig. 2B) , because the boundaries were difficult to determine using the 3D structure prediction results. As shown in Fig. 2 , the suppressing mutations were mapped to domains D1 and D3 of flagellin. No suppressing mutations were found in domain D0, which primarily represents the central core structure of a flagellar filament and is important for self-assembly. 21) Most of the suppressing mutations were found in the central variable region D3 of flagellin (Table 1 and Fig. 2B) , which is the surface exposed region of the flagella filament structure. Five mutations in four residues were found in the conserved domain D1. The locations of the mutations were different in view of the predicted secondary structure and residue conservation. Although the mutations within D1 were located in an -helix, the location of the mutations were positioned at the ends of the ND1a and CD1 helices and were positioned on the outside surface of the flagellar filament (Fig. 2C) . The suppressor mutation sites and the glycosylation sites of Bacillus sp. PS3 flagellin were compared with the other bacterial glycosylated flagellins (Fig. 2B) . The locations of these residues appeared to be conserved, suggesting that the mutations play a key role in the glycosylation of Bacillus sp. PS3 flagellin. The filament formations were observed in these pseudorevertants by the vortex preparation method (data not shown), 14) which suggests that the mutations change the tertiary structure of the flagellin protein to enable filament formation without glycosylation. A, Swarms of the B. subtilis wild type (B. s. wt) and the flagellin gene deletion mutant harboring following plasmids: pHP13 (vector), pBHP201 (Bacillus sp. PS3 hag wt), and pBHP201 derivatives containing flagellin gene variants (G185D, G171D, R91H/G171D, and L172-L199 intragenic duplication). Freshly transformed single colonies from an LB plate, grown overnight at 37 C, were inoculated onto a soft LB plate (0.3% agar) and incubated at 37 C for 6 h. B, Sequence alignments of flagellin proteins from various bacteria (PS3, Bacillus sp. PS3; Lmo, Listeria monocytogenes; Pst, Pseudomonas syringae pv. tabaci; and Sty, Salmonella typhimurium). The domain boundaries of the D2 and D3 domains (vertical bars) and the conserved secondary structures (boxed) are shown based on the 3D structure of Salmonella flagellin. The underlined regions of PS3 flagellin indicate secondary structures (-helix in solid, -strands indicated by dots) predicted by the program Jpred. 22) The black and gray shaded letters indicate suppressor mutation sites and the glycosylation sites, respectively. The bidirectional arrow indicates the intragenic gene duplication region of PS3 flagellin. C, 3D model of Bacillus sp. PS3 flagellin without the predicted D0 domain. The four glycosylation sites are shown, and the 11 suppressor mutation sites (listed in Table 1 ) are indicated by black balls.
